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ABSTRACT 


This  Report  gives  an  introduction  to  the  theoretical  basis  for  the  des^  of 
radar  absorbing  materials  (RAM)  with  emphasis  given  to  techniques  .for 
modifying  material  properties  to  give  the  desired  performance.  These 
techniques  include  additives  in  the  form  of  scatterers,  loops,  antenhae  and 
graded  absorbers.  A  brief  survey  of  the  more  common  types  of 
commercially  available  radar  absorbing  material  is  given.  Experimental 
methods  for  measuring  and  testing  these  materials  are  described. 
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RADAR  ABSORBING  MATESIAUS  -  MECHANISMS 
AND  MATERIALS 


1.  INTRODUCTION 


The  development  of  radar  systems  before  and  during  the  Second  World  War  lead  to 
investigations  of  the  interaction  between  electromagnetic  radiation  at  radar  frequencies 
and  various  materials;  one  aspect  of  these  investigations  being  to  find  ways  of  reducing  the 
returned  signal.  This  was  undertaken  not  only  to  reduce  interference  between  the  radar 
signal  and  surrounding  structures  (e.g.  radar  masts,  towers,  support  buildings  which  could 
degrade  the  performance  of  one’s  own  radar),  but  also  to  help  reduce  detection  by  hostile 
radars  by  means  of  suitably  designed  anechoic  materials.  The  Germans  developed  coatings 
for  their  submarine  periscopes,  snorkels  and  conning  towers  which  achieved  a  reflection 
decrease  of  almost  26  db  in  the  112  to  195  cm  wavelength  band  [11.  A  number  of  physical 
shortcomings  however,  mainly  the  coating’s  lack  of  survivability  in  harsh  environments, 
prevented  the  large  scale  implementation  and  deployment  of  this  material. 

Since  the  Second  World  War,  there  has  been  increasing  interest  in  Radar 
Absorbing  Materials  (RAM),  culminating  in  the  American  "stealth"  projects  for  the 
Advanced  Technology  Bomber  and  Advanced  Technology  Fighter  12)  and  the  deployment  of 
RAM  on  Naval  vessels.  These  developments  have  been  based  on  a  synergystic  approach, 
the  reduction  in  radar  cross  section  being  obtained  by  a  number  of  complementary 
methods.  The  primary  techniques  employed  are  radar  absorbent  structures,  radar 
transparent  structures,  modification  of  geometrical  shape  and  the  use  of  radar  absorbing 
materials  as  surface  coatings.  The  application  of  these  concepts  to  all  types  of  defence 
materiel  is  most  important.  The  increasing  use  of  radars  in  battlefield  surveillance  and 
weapon  homing,  in  addition  to  the  traditional  air-target  detection  role,  means  that 
improved  techniques  for  radar  camouflage  and  countersurveillance  must  be  developed  and 
deployed  for  all  types  of  equipment. 

For  existing  material,  the  application  of  radar  cross-section  reduction 
techniques  could  involve  radical  structural  modification,  and  in  some  cases  might  not  be 
justifiable  in  terms  of  performance  or  cost.  However,  the  selective  use  of  thin  radar 
absorbent  coatings  applied  to  existing  material  can,  in  the  right  circumstances,  provide  real 
benefit  in  terms  of  performance  and  cost-effectiveness. 
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To  gain  some  qualitative  insight  into  the  benefits  that  may  be  achieved  by 
reducing  the  radar  cross  section  of  material,  an  examination  of  the  classic  free  space  radar 
range  equation  is  instructive  [61.  This  equation  has  the  form 


P 

r 


<477)^  R* 


where  Pj.  and  P^  are  the  powers  received  and  transmitted  by  the  antenna  respectively,  G  is 
the  antenna  gain,  R  is  the  detection  range,  A  is  the  wavelength  and  o  is  the  radar  cross 
section. 


The  equation  shows  that  the  detection  range  varies  as  the  fourth  root  of  the 
radar  cross  section  (RCS).  Specific  numeric  examples  are  given  in  Table  1.  A  reduction  in 
the  RCS  by  10  dB  reduces  the  detection  range  by  almost  half. 

The  usefulness  of  a  reduction  in  the  radar-cross-section  is  even  more  apparent 
when  viewed  in  the  context  of  an  electronic  coimtermeasure  (ECM)  system.  Typical  ECM 
jamming  is  useful  up  to  a  distance  where  the  radar  power  of  the  illuminating  rai^r  is  high 
enough  to  "bum  through"  the  ECM.  This  "bum  through”  range  is  directly  proportional  to 
the  square  root  of  the  radar  cross  section  of  the  aircraft.  Table  2  shows  that  for  a  change 
in  the  radar  cross  section  of  10  dB,  the  "bum  through”  range  is  reduced  by  more  than  half. 
Greater  reduction  gives  even  better  performance. 


Table  1 

RCS 

Reduced  Detection 

Reduction 

Range 

dB 

% 

10 

90 

0.66  R 

15 

97 

0.42  R 

20 

99 

0.32  R 

26 

99.7 

0.24  R 

30 

99.9 

0.18  R 

Table  2 

RCS 

Bum-through  Range  Normalized 

Reduction 

to  an  Untreated  Target 

dB 

% 

10 

90 

0.32 

16 

97 

0.18 

20 

99 

0.10 

26 

99.7 

0.06 

30 

99.9 

0.03 
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Two  significant  points  must  be  stressed  concerning  the  above  examples. 

Firstly,  the  examples  concern  only  a  scenario  of  an  aircraft  being  detected  by  a  radar. 
Radar-cross-section  reduction  techniques  are  applicable  to  more  than  just  aircraft,  even 
though  the  popular  press  stress  its  applicability  mostly  in  those  terms.  The  threat  to  naval 
vessels,  tanks,  AFVs  and  ground  installations  (31  from  radar  and  radar  guided  munitions  may 
be  reduced  by  the  judicious  use  of  radar  cross  section  reduction  techniques. 

Secondly,  the  reduction  in  the  radar  cross  section  of  material  must  be  regarded 
from  a  complete  systems  point  of  view.  That  is,  it  is  not  just  the  use  of  radar  absorbing 
material  that  is  necessary.  The  shape  of  the  object  must  be  considered,  either  in  the 
original  design  stage,  or  when  radar  absorbing  material  is  applied. 

The  strategic  importance  of  radar  absorbing  materials  has  resulted  in  a  high 
security  classification  being  placed  in  projects  associated  with  the  "stealth”  concept.  This 
has  meant  that  the  majority  of  reports  from  commercial  sources  and  Government 
laboratories  have  been  classified,  with  the  distribution  limited  in  most  cases  to  the  country 
of  origin.  It  is  clear  that  some  reports  of  direct  relevance  to  Australian  defence 
requirements  have  been  published,  but  have  not  been  made  available  to  Australia  141. 
Because  of  the  security  attached  to  information  concerning  radar  absorbing  materials,  the 
latest  developments  might  not  be  included  in  this  review  and  advances  in  the  field  must  be 
gleaned  by  inference  from  the  limited  amount  of  unclassified  literature  that  is  published. 

One  area  that  has  proved  useful  in  providing  some  information  on  recent 
advances  in  radar  absorbing  materials  is  the  commercial  sector  where  materials  for 
anechoic  chambers,  microwave  co-axial  and  waveguide  devices  and  other  areas  have  been 
discussed.  The  main  drawback  is  that  much  of  the  information  is  of  a  proprietary  nature 
and  exact  absorbing  mechanisms  and  materials  are  not  disclosed.  However  in  many  cases, 
the  structure  and  nature  of  the  absorbing  material  can  be  inferred. 

In  this  report,  the  design,  performance  and  selective  uses  of  commercially 
available  radar  absorbing  materials  is  considered.  Possible  developments  in  this  field  in 
terms  of  new  absorption  methods  and  materials  are  also  addressed.  An  experimental 
procedure  to  measure  the  basic  parameters  of  radar  absorbing  materials  is  described,  from 
which  the  absorption,  reflection  and  transmission  properties  of  coatings  may  be  obtained. 


2.  THEORY 


When  electromagnetic  radiation  is  incident  upon  a  material,  it  can  undergo  reflection, 
transmission  and  absorption.  The  various  magnitudes  of  these  quantities  are  dependent  on 
the  material  properties  and  geometric  factors  such  as  size,  shape  etc.  From  a  microscopic 
point  of  view,  these  interactions  may  be  calculated  quantum-mechanically  from  the  atomic 
structure  of  the  material.  As  the  perspective  of  the  interactions  is  changed  from  a 
microscopic  level  to  a  macroscopic  one,  different  descriptions  of  the  interaction  process 
may  be  used,  depending  on  the  constituent  properties  of  the  material.  The  concept  of 
homogeneitv  of  the  material  may  usually  be  considered  in  terms  of  the  size  of  variations  in 
the  material  matrix  relative  to  the  wavelength  of  the  incoming  radiation  in  the  material. 
Therefore,  at  radar  wavelengths,  which  typically  range  from  centimetres  to  metres,  many 
materials  can  be  considered  to  act  in  a  homogeneous  manner,  i.e.  only  the  bulk  macroscopic 
interaction  processes  need  be  considered.  These  processes  are  normally  quantified  in  terms 
of  the  permittivity  and  permeability  of  the  material.  The  permittivity  describes  the 
coupling  of  the  electric  component  of  the  incoming  radiation  with  the  material,  whilst  the 
permeability  describes  the  coupling  with  the  magnetic  component.  Both  these  components 
can  be  represented  by  complex  numbers,  with  the  imaginary  part  being  associated  with  the 
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loss  or  absorption  in  the  material.  If  the  coupling  coefficients  are  known,  then  the 
reflection,  transmission  and  absorption  of  a  material  may  be  calculated  from  Maxwell’s 
equations  with  the  appropriate  boundary  conditions  applied. 


The  characterization  of  inhomogeneous  materials  in  terms  of  such  basic 
quantities  is  not  simple.  Inhomogene  ties  may  be  due  to  large,  random  scattering  centres 
within  the  material  in  which  case  an  appropriate  scattering  theory  may  be  applicable. 

Large  inclusions  may  act  as  a  type  of  antenna  at  certain  wavelengths.  Theoretical  aspects 
must  be  confined  by  a  rigid  specification  of  the  number,  size  and  type  of  inhomogeneity, 
and  must  be  treated  as  a  one-off  situation. 

In  the  next  section,  we  consider  the  use  as  radar  absorbing  materials  of  what 
may  be  regarded  at  radar  wavelengths  as  homogeneous  materials  which  are  characterized 
uniquely  by  permitivity  and  permeability.  Only  a  brief  outline  of  the  general  results  for 
the  interaction  of  electromagnetic  radiation  with  absorbing  media  is  presented  in  what 
follows,  as  a  number  of  excellent  reports  exist  15,  61. 


2.1  Layered  Homogeneous  Structures  -  Basic  Tlieory 


Consider  plane  wave  radiation  of  a  single  frequency  f  incident  upon  a  metal  plate  with  a 
number  N  of  parallel  dielectric  layers  attached  to  it,  as  shown  in  figure  1.  Elach  layer  is 
characterized  by  its  relative  permittivity  and  relative  permeability  m  ,  with  a  resistive 
sheet  between  each  layer  described  by  the  normalized  sheet  conductance  relative  to  the 
free  space  admittance  l/Z^.  It  may  be  shown  that  the  amplitude  of  the  electric  field  of  a 
positive  going  wave  (i.e.  away  from  the  metal  plate)  in  the  layer  is  161. 


B. 


^m 


T&a 


^  Vl  '^m  "  Vl 


(1) 


Similarly,  the  amplitude  of  the  negatively  travelling  wave  in  the  m^^  layer  is 


-ik  X  ,  lA  ,  (Y  +  Y  ,  +  G  ,  )e 
m  m-1  m-1  m  m-1  m-1 


-ik  ,x  , 
m-1  m-1 


2Mn 


"  Vl  -  Vl  " 


In  the  above  equations,  the  following  definitions  apply; 


(2) 


Y  -  -ill 
m  u 
m 


-  A  'm'^m 
o 


is  the  intrinsic  relative  admittance  of  the  m*'^  layer 

is  the  wavenumber  in  the  m*'^  layer  where  A  is  the 
freespace  wavelength 


G 


m 


is  the  sheetconductance  of  zero  thickness  between 
m  &  (m+1)*'"  layer  relative  to  IIZ^ 


is  the  position  of  boundary  between  and  m  +  1^^  layers. 


Equations  (1)  and  (2)  have  been  modified  f^n»  those  shown  in  reference  [61  in  that  a 
generalized  sheet  conductance  for  the  m“  layer  has  been  added.  Given  an  incident  wave 
in  free  space,  the  reflection  coefficient  is  simply 


For  values  of  and  at  the  metal  surface  given  as  Bj  =  -1,  A,  =  1,  an  iterative  process 
may  be  used  to  calculate  the  and  Bj^^j  and  hence  the  total  reflection  in  free  space  as 

given  by  equation  (3).  The  above  equations  and  concepts  will  be  used  later  in  the  report. 
Furthermore,  we  can  also  express  the  reflection  in  terms  of  the  reflected  power,  defined  as 


!R._I  =  20  log,-  !RI 


2.2  Resonant  Absorbers 


One  of  the  oldest  types  of  absorbing  structure  is  known  as  the  Salisbury  screen  (71.  This 
consists  of  a  thin  sheet  of  resistive  material  spaced  a  certain  distance  (x  =  d)  in  front  of  a 
metal  backing  plate.  The  resistive  sheet  is  usually  some  type  of  porous  material 
impregnated  with  a  lossy  materiul  such  as  carbon.  Low  loss  spacing  materials,  like  foams, 
plastics  or  honeycomb,  are  often  used  for  structural  rigidity. 

Using  the  theory  outlined  in  the  previous  section,  a  Salisbury  Screen  has  m  =  2 
layers,  the  second  layer  being  free  space.  From  equation  1,  the  reflected  wave  B2  is 


‘“2“  -ik  d  -ik  d 

^  IA,(Y2-Yj-Gj)e  -  B^IY^+Y^^^le  1 

m 


For  a  perfect  metal  reflector  we  have  =  -A^  and  therefore 


2  -ik-d  +ik.d 

®2  =  ^  -  Y^  -  G,)e  -  B^CY^,  +  Y^-  G^)e  1 

m 

Sufficient  but  not  necessary  conditions  for  B2  =  0  are 


Y2  =  Gj^  (i.e.  G],  =  1  because  Y2  =  D 


ik,d  -ik,d 
e  ^  +  e  ^  =0 


i.e.  cos  kj^d  =  0 
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from  which 


where  A-  is  the  free  space  wavelengthg  and  and  e.  are  real.  Thus,  zero  reflectivity  is 
obtained  if  an  odd  number  of  quarter  waves  separates  the  metal  backing  and  a  resistive 
sheet  whose  conductance  is  equal  to  the  admittance  of  free  space.  It  should  be  noted  that 
the  admittance  of  the  spacer  need  not  be  the  same  as  free  space,  provided  that  it  is 
lossless. 

One  may  regard  the  Salisbury  screen  in  terms  of  transmission  line.  A  lossless 
quarter  wavelength  transmission  line  transforms  the  short  circuit  at  the  metal  plate  to  an 
open  circuit  at  the  resistive  sheet.  Zero  reflection  then  occurs  provided  the  resistive  sheet 
is  impedance-matched  to  free  space.  If  there  is  imperfect  matching,  the  reflectivity  is  no 
longer  a  minimum.  Figure  2  shows  the  reflected  power  from  a  Salisbury  screen  with 
different  resistive  loads.  Improved  performance  on  terms  of  bandwidth  may  be  obtained  by 
stacking  resistive  sheets  and  spacers  to  form  a  multilayer  system,  with  a  gradual  tapering  in 
the  value  of  the  resistive  loads  G^.  This  is  known  as  a  Jaumann  absorber  [81. 

In  the  Salisbury  screen  and  the  Jaumann  absorber  the  sheet  itself  is  purely 
resistive.  Imaginary  components  may  be  introduced  by  replacing  the  continuous  resistive 
sheets  with  conducting  materials  deposited  in  appropriate  geometrical  patterns  such  as 
dipoles,  crosses,  etc  (9-11 1.  These  patterns  may  be  defined  in  terms  of  their  effective 
resistance,  capacitance  and  inductance,  thus  enabling  transmission  line  theory  to  predict 
the  properties  of  a  Salisbury  screen  containing  these  p>attems.  By  a  judicious  choice  of  i 

parameters,  significant  flexibility  may  be  obtained  in  the  design  process. 

A  corollary  of  the  Salisbury  screen  in  magnetic  terms  offers  distinct  advantages 
in  terms  of  the  absorber  thickness.  In  the  Salisbury  screen,  the  maximum  in  the  electric 
field  occurs  at  a  quarter  of  an  electric  wavelength  from  the  metal  surface.  The  maximum 
in  the  magnetic  field  is  immediately  on  the  metal  surface,  so  a  lossy  magnetic  material 
placed  directly  on  the  material  would  be  a  good  resonant  absorber.  The  impedance  of  such 
a  system  may  be  derived  from  equations  1  and  2  as 

\  =  -iZg  IV  ^  tan  Ikpd 
r 

where  the  subscript  0  refers  to  free  space  and  the  subscript  r  is  the  relative  parameter  in 
the  absorbing  material.  When  the  argument  of  the  tan  is  small,  this  equation  becomes 


For  a  high  magnetic  loss  material  i.e.  /j  ”  »  u  ’  we  obtain 

r  r 


where  c^  is  the  speed  of  light  in  vacuum,  and  w  =  2nlx^. 
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For  maximum  absorption,  the  impedance  of  the  absorber/metal  plate  system 
should  match  that  of  free  space,  which  leads  to  the  condition  for  the  optimum  thickness  of 
the  absorber  as 


u  =  n 

For  example,  the  reflection  coefficient  for  the  above  system  (^1  ’’  =  10)  at  10 
GHz  is  zero  when  the  thick’’ess  of  the  layer  is  Oi.iy  0.477  mm.  As  is  the  case  with  the 
Salisbury  screen,  accurate  control  of  the  thickness  of  the  absorbing  medium  needs  to  be 
maintained. 

We  now  consider  the  case  of  a  single  dielectric  layer  of  thickness  d  with  no 
resistive  sheet  present.  Using  equation  3  with  m  =  2,  Gj^  =  0,  Aj^  =  1  and  =  -1  gives 


-i2k  d 

-i2d(k  +k2)  (Y^  -  Y^)  -  +  Y^^)  e 

^  ®  ‘ - 

(Y2  -  Yj)  +  (Yg  +  Y^)  e 


In  figure  3a,  the  reflected  power  is  plotted  against  layer  thickness,  in  this  case 

expressed  as  d/ A  ,  where  A  is  the  wavelength  is  the  material  (A  =  A  e  u  ). 

mm  morr 

For  predominantly  dielectric  materials,  \e  l>l(j»  1,  maximum  attenuation 
occurs  around  a  quarter  of  an  electric  wavelength.  tSc  introduction  of  magnetic  losses 
shifts  the  peak  attenuation  to  about  0.3  and,  more  significantly,  increases  the  bandwidth  of 
the  material.  It  is  claimed  that  such  a  material  is  probably  within  current  production 
capabilities  of  commercial  RAM  manufacturers  for  selected  frequency  ranges  112). 

The  perception  changes  when  the  same  results  are  replotted  against  thickness  in 
terms  of  the  free  space  wavelength,  as  opposed  to  the  wavelength  in  the  material.  The 
actual  physical  thickness  of  a  magnetic/dielectric  absorber  is  smaller  than  a  dielectric 
absorber;  and  is  much  less  than  a  quarter  of  the  free  space  wavelength.  We  also  note  that 
when  the  conditions  are  perfectly  matched  (i.e.  e  =  )j  ) ,  the  reflected  power  decreases 
exponentially  with  thickness.  When  both  e  and  ^J  are  real,  i.e.  no  loss  components,  the 
magnitude  of  R  will  be  unity,  resulting  in  total  reflection  irrespective  of  the  thickness  d. 
When  e  and  p  are  complex,  the  magnitude  of  R  will  vary  as  a  function  of  d  for  any  given 

values  of  e  anS  u  . 

r  r 

As  is  the  case  with  a  Salisbury  screen,  multiple  dielectric  layers  may  be  used  to 
increase  the  bandwidth  of  this  type  of  absorber.  Computer  optimization  schemes  have 
been  ileveloped  which  provide  the  correct  values  of  e  and  p  to  meet  the  design  criteria 
[13,  14).  Of  course,  these  value  of  e  and  p  must  1$^  known  prior  to  the  design  process. 
Because  both  t’’"!  Salisbury  screen  anff  multil^er  dielectric  absorbers  rely  on  interference 
between  waves  reflected  from  the  front  and  back  faces  of  the  layers,  they  may  be  regarded 
as  resonant  absorbers.  Hybrids  of  these  two  types  of  absorbers  may  also  be  designed  to 
give  enhanced  pen'ormance. 

In  many  practical  situations,  precise  control  over  the  thickness  of  an  absorbing 
coating  is  difficult  to  maintain,  as  is  the  case  when  an  absorbing  paint  is  being  applied. 

The  previously  described  resonant  absorbers  rely  on  the  thickness  to  be  maintained 
accurately  to  ensure  absorption  at  the  design  wavelength.  The  question  of  how  to 
maximize  absorption  from  non  resonant  absorbers  then  arises. 
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2.3  Broadband  Absorbers 

The  reflection  coefficient  between  free  space  and  a  half  space  absorber  coating  ’«  simply 


R 


-  1 


+  1 


(4) 


1/2 

where  =  (u/e)  is  the  relative  impedance  of  the  absorber.  Reflection  from  this 
interface  will  be  zero  and  all  the  energy  in  the  incoming  radiation  will  enter  the  absorber 
when  =  -1.  Expressing  and  e  in  terms  of  their  complex  parts  =  ^/’-i^J’  ’ 
and  €  =  e  ’  -  i  £  ’  ’  the  loss  tangents  are  defined  as 


tan  6 

u 


ul’ 

u’ 


=  magnetic  loss  tangent 


tan  6  =  -^ 

e  € 


electric  loss  tangent 


The  expression  for  the  relative  impedance  may  then  be  expressed  as 


Z  = 

A  e 


1  +  itan6  -  itanS  +  tan5  tan6 
_ S _ U _ g  K 

1  +  tan  5 


1/2 


This  expression  is  equal  to  1  (and  the  reflection  coefficient  equal  to  zero)  when 


e’  =  u’  and  tan6  =  tan6 

Once  the  radiation  has  entered  the  material,  the  values  of  e  and  must  be  as  high  as 
possible  to  ensure  maximum  absorption  in  the  thinnest  coating.  TTiis  type  of  absorber  has 
the  exponential  behaviour  shown  in  the  previous  figure.  Because  these  absorbers  do  not 
rely  on  a  resonance  effect,  they  have  better  broad  band  behaviour  than  a  resonance 
absorber. 


An  improvement  of  the  principle  has  been  developed  in  what  is  commonly  called 
a  "graded  dielectric  aboorber".  In  this  case,  a  continuous  gradation  of  the  permittivity  is 
used,  with  the  permittivity  at  the  front  surface  being  close  to  that  of  free  space,  and 
increasing  with  depth  into  the  material.  This  ensures  that  there  are  no  sharp 
discontinuities  in  the  material  causing  unwanted  reflections,  whilst  giving  values  for  the 
permittivity  that  give  good  absorption  deeper  into  the  material.  This  gradation  of  the 
dielectric  may  be  obtained  practically  by  either  using  gravity  to  control  an  absorbing 
compound  soaking  into  a  foam,  or  by  dipping  a  base  material  into  an  absorbing  material, 
with  successive  dippings  to  lesser  depths.  Another  technique  uses  a  geometric  transition 
from  free  space  to  a  high  absorbing  material  to  provide  a  dielectric  gradient,  as  in  the 
absorbers  commonly  used  in  radar  anechoic  chambers. 
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A  specific  form  for  this  gradation  in  the  permittivity  profile  that  gives  a  j 

specified  reflection  over  a  given  frequency  range  and  thickness  has  not,  for  a  general  case,  ; 

been  determined  analytically,  although  a  number  of  authors  have  studied  a  variety  of  i 

different  profiles.  By  assuming  tiiat  the  fractional  change  per  unit  length,  with  respect  to  j 

a  local  wavelength  A  =  Aq<  for  non  magnetic  material,  is  a  small  constant,  a,  for  all  i 

points  within  the  layer,  i.e.  f 


a 


A 


o 

2n 


de 

'dT' 


«  1 


Jacobs  [151  obtained  a  dielectric  variation  of  the  form, 

£^(x)  =  11  -  —  *1 

which  minimizes  the  reflection  coefficient.  For  a  realistic  type  of  dielectric  variation 
(61,  e’(0)  =  1,  e’(d)  =  400,  e”  =  0.5,  a  reflection  coefficient  of  less  than  0.1  may  be 
obtained  for  thickness  of  d/A  i  0.42.  Because  Jacobs  assumed  in  his  analysis  a  matched 
impedance  at  the  interface  x  =  d,  interference  effects  are  ignored.  With  a  metal  backing 
at  the  interface,  and  a  finite  value  of  the  permittivity  next  to  it,  interference  effects  could 
also  become  significant,  to  the  extent  that  better  performance  than  that  predicted  by  an 
ideal  Jacobs  type  layer  has  been  obtained  (161. 

Other  types  of  variation  for  the  permittivity  profile  in  a  graded  dielectric 
absorber  Include  various  linear  and  exponential  profiles.  A  selection  of  these  are  shown 
graphically  in  figure  4  and  in  tabular  form  in  table  3.  In  figure  4,  the  imaginary  component 
of  the  permittivity  for  examples  6,  8  and  12  from  table  3  are  plotted.  It  is  interesting  to 
note  that  the  minimum  value  of  d/A  in  these  examples  occurs  in  the  case  of  the 
discontinuous  function,  whereas  the  two  similar  profiles  give  differing  results.  Intuitively, 
one  would  expect  the  opposite  situation.  A  more  complete  discussion  is  to  be  found  in 
reference  8. 

This  discussion  of  graded  absorbers  has  ignored  any  contribution  to  the 
absorption  process  by  the  magnetic  permeability.  By  postulating  a  functional  form  for  both 
permittivity  and  permeability  variation,  even  better  performance,  at  even  smaller  layer 
thickness,  could  be  obtained.  However,  the  availability  of  materials  that  have  the  desired 
combination  of  properties  is  highly  unlikely. 


3.  MODIFYING  MATERIAL  PROPERTIES 


3.1  Additives 

The  previous  sections  have  presented  the  theory  of  microwave  absorption  in  both  electrical 
and  magnetic  materials,  for  general  values  of  the  permittivity  and  permeability.  The 
availability  of  real  materials  having  the  desirable  properties  cf  high  absorption  coupled  with 
impedance  matching  to  free  space  is  quite  limited.  In  this  section  we  consider  the 
theoretical  aspects  of  combining  two  different  materials  to  give  the  required  electric  and 
magnetic  behaviour.  As  mentioned  previously,  we  shall  still  confine  ourselves  to  the  case 
where  the  compound  material  may  still  be  regarded  as  homogeneous  at  microwave 
frequencies. 
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Table  3  (after  Ruck,  reference  8) 


Type  of  Variation 

u"(2) 

r 

e'(2) 

r 

6"(2) 

r 

KiniJium  1/A 
for  R  <  0.1^ 

1 .  Ideal  Jacobs 

1 

0 

(1  -  i/i)'* 

Snell  constant  «  1 

0.3 

2 .  Finite  Jacobs 

1 

0 

(1-0.95  z/1) 

1/2 

0.42 

3.  Linear 

1 

0 

1 

3  2/1 

0.S5 

4*  Linear 

1 

0 

1 

6  2/1 

0.77 

5 .  Exponential 

1 

0 

1 

3.76  (2/1)*’® 

0.4 

6.  Biqjonential 

1 

0 

1 

0.285 

0.35 

7 .  Exponential 

1 

0 

1 

o 

0.35 

8.  Eiqponential 

1 

0 

jVl 

5*/l  -  1 

0.56 

9.  Ei^onential 

1 

0 

10*/^ 

7*^^  -1 

0.68 

10.  fignnential 

3. 

3*^^  0 

50*'^ 

0.3  (3.3*^^  -  1) 

0.6 

11.  Exponential 

3. 

- 

1  50^/^ 

0.3  (3.3*''^  -  1) 

0.5 

12.  Three-layer  discrete 
approximation  to 
exponential 

1 

0 

1  0. 

1.16  for  0.359  1 

3.48  for  0.297  1 

.58  for  0.344  1 

0.33 

Additives  to  a  supporting  medium  may  take  many  forms,  such  as  rods,  wires, 
discs,  spheres,  etc.  In  the  simplest  case,  based  on  the  Lorentz  method,  a  uniform  electric 
field  applied  to  a  cubic  array  of  metallic  spheres  embedded  in  a  homogeneous  dielectric 
sup.xjrting  medium  will  induce  a  polarization  in  the  small  spheres.  For  non-interacting 
spheres  (e.g.  a  low  density  of  spheres)  the  modified  permittivity  of  the  compound  material 
is 


e 


E 


s 


(1  + 


e 

o 


where  e^  is  the  permittivity  of  the  supporting  medium  and  N  is  the  number  of  spheres  per 
unit  volume.  The  polarizability,  o,  depends  on  the  shape  of  the  additives,  the  material  in 
the  additive  and  the  nature  of  the  supporting  medium.  As  the  density  of  added  spheres 
increases,  interactions  between  spheres  will  start  to  influence  the  behaviour.  For  dipolar 
interactions,  the  permittivity  of  the  compound  system  becomes 

oN/e 

,  _ g _ 

*  "  1  -  A  (oN/e  ) 
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where  A  is  a  factor  dependent  on  the  relative  positions  of  the  added  spheres  [171.  With 
further  increases  in  sphere  density,  higher  order  multipole  interactions  must  be  included  in 
the  above  equations. 

The  effective  permeability  of  these  systems  may  also  be  modified.  TTie  relative 
permeability  may  be  derived  in  terms  of  a  magnetic  polarizability  of  the  individual 
additives.  Techniques  analogous  to  those  outlined  above  may  then  be  applied. 

Calculations  similar  to  those  outlined  above  have  been  performed  for  systems 
containing  small  radar  absorbing  filaments  fixed  in  a  solid  binder.  The  filaments  were 
initially  designed  for  use  with  radar  absorbing  chaff  [181,  and  were  modified  to  be  absorbed 
in  the  binder  material  1191.  Conclusions  reached  in  this  and  other  papers  [17]  show  that 
even  for  very  high  particle  densities,  higher  order  multi-pole  interactions  contribute  only 
very  little  to  the  properties  of  the  material.  Also,  the  difficulty  in  calculating  the 
polarizability  of  the  additives  is  stressed  in  these  reports. 

This  approach  is  not  practicable  in  a  real-world  situation,  due  to  the  complexity 
of  the  model.  Variables,  in  the  form  of  the  size  distribution  of  the  additives,  the  spatial 
distribution  of  the  additives  and  their  specific  electrical  and  magnetic  properties  are  too 
complex  to  specify  for  useful  prediction.  A  more  general  relation  between  permittivity 
and  density  of  additive  has  been  determined  by  Lichtenecker  1201  for  dielectric  mixtures, 
based  on  a  stochastic  mixture  model  [211.  Extending  this  work  to  the  permeability  of  a 
mixture  leads  to  the  following  relationships  for  the  magnitude, 


logjO'^' 

tlfi 

o 

> 

II 

and 

o 

o 

=  V  log 

10 '®a' 


(1  -  V)  logjoie^! 


where  the  subscript,  a,  refers  to  properties  of  the  additive,  subscript,  o,  refers  to  the 
supporting  medium,  and  v  is  the  volume  fraction  of  the  additive.  Dielectric  and  magnetic 
losses  are  related  to  the  volume  fraction  by 


tans  =  V  tans  and  tanS  =  v  tans 

fia  6  ea 

These  results  have  been  tested  at  MRL  with  a  mixture  of  ferrite  powder  and 
epoxy  resin.  The  results  of  figure  6,  show  that  the  above  relationships  are  valid  at  least  up 
to  50%  volume  fraction.  Therefore,  it  is  possible  to  tailor  materials  to  have  the  desired 
permittivity  and  permeability,  based  on  the  required  design  criteria,  given  the  respective 
permeability  and  permittivity  of  both  the  additive  and  supporting  materials. 


3.2  Non-Bomogeneous  Absorbers 

The  theory  presented  so  far  has  concentrated  on  what  may  be  regarded  as  homogeneous 
materials.  As  a  rule  of  thumb,  homogeneity  may  be  regarded  as  applicable  when  the 
wavelength  is  larger  by  at  least  an  order  of  magnitude  than  the  cross  sectional  dimensions 
and  spacings  of  the  additives.  When  these  limits  are  exceeded,  the  theory  and 
interpretation  of  the  physical  processes  is  complicated  greatly. 

For  example,  consider  the  case  in  figure  6a  where  short  brass  metal  fibres  are 
added  to  a  ferrite /rubber  mixture  (221.  TTie  supporting  ferrite/rubber  compound  will  be  a 
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lossy  material,  with  absorption  dependent  on  the  ferrite  type.  The  metal  fibres  will  act  as 
dipole  antennas,  absorbing  incoming  radiation  at  a  frequency  dependent  on  the  length  of  the 
fibre.  The  fibres  will  reradiate  at  the  same  frequency,  but  in  a  highly  non-specular 
manner,  redirecting  energy  throughout  the  supporting  compound  [231.  This  has  the  result  of 
effectively  increasing  the  path  length  of  the  incoming  radiation  in  the  ferrite /rubber 
mixture,  increasing  the  total  amount  of  absorption.  For  truly  random  distributions  of 
added  wires,  the  total  interaction  between  the  wire /ferrite /rubber  mixture  may  still  be 
characterized  by  an  "effective”  permeability  and  permitivity,  allowing  the  design  criteria 
specified  in  section  2  to  be  applied. 


3.3  Hybrid  Materials 

A  hierarchy  of  different  absorption  mechanisms  has  been  built  up  in  the  previous  sections, 
starting  with  simple  resonant  effects  and  leading  to  non-homogeneous  materials.  Elach 
case  has  been  treated  in  isolation  to  elucidate  the  physical  processes  used  to  obtain  the 
desired  bulk  material  properties  with  respect  to  microwave  radiation.  Many  radar 
absorbing  materials,  both  in  use  and  under  development,  rely  on  a  combination  of 
mechanisms  to  achieve  the  desired  behaviour. 

For  example,  consider  the  system  shown  in  figure  6a  consisting  of  a  metal  plate, 
a  wire /ferrite /rubber  mixture  as  described  in  the  previous  section  (layer  A)  and  a 
ferrite/rubber  mixture  (layer  B).  The  majority  of  the  absorption  of  an  incoming 
electromagnetic  wave  takes  place  in  layer  A,  using  the  mechanisms  outlined  in  the 
proceeding  section.  Layer  B  is  designed  so  that  it  acts  as  a  quarter  wave  impedance 
transformer  between  free  space  and  layer  A,  by  adjusting  its  permeability  and  permittivity 
by  varying  the  ferrite  content,  and  by  changing  the  layer  thickness.  Results  for  this  system 
under  perpendicular  polarization  are  shown  in  figure  6b.  This  absorbing  system  exhibits 
high  absorption  over  a  broad  band  across  a  wide  range  of  incident  angles.  This  tjTpe  of 
absorber  uses  resonance  effects,  magnetic  absorption,  tailoring  of  the  permeability  and 
permittivity,  and  non-homogeneous  additives  to  give  this  type  of  performance  in  very  thin 
layers,  typically  less  than  5  mm. 


4.  COMMERCIALLY- A  VAIL  ABLE  MATERIAL 


Worldwide,  there  are  a  number  of  manufacturers  of  radar  absorbing  materials.  Each 
manufacturer  offers  many  different  types  of  absorber,  each  developed  for  a  specific 
application.  By  far  the  majority  of  these  materials  are  for  strictly  commercial  use,  as  in 
anechoic  chambers,  interference  suppression  etc.  For  military  uses,  the  number  of 
materials  freely  advertised  drops  significantly.  This  is  not  to  say  that  the  materials  have 
not  been  developed,  only  that  their  availability  is  often  limited  for  security  purposes.  This 
section  details  a  number  of  different  types  of  commercially  available  radar  absorbing 
materials.  This  is,  by  no  means,  meant  to  be  a  comprehensive  list  of  all  available 
materials.  Rather  it  is  an  indication  of  the  varied  types  of  material  on  offer.  Most 
commercial  companies  have  the  capability  to  develop  new  types  of  materials  for  specific 
application,  and  in  some  cases,  offer  full  scale  consultative  facilities  for  customers  with 
problems  that  require  some  type  of  radar  absorbing  material. 
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4.1  Surface  Wave  Abeorlniig  Materials 

The  attenuation  of  fields  generated  by  surface  currents  due  to  incident  radar  waves  may  be 
achieved  by  commercially  available  materials.  SWAM  [241,  (surface  wave  absorbing 
material),  manufactured  by  Plessey  Materials  of  the  UK  is  a  magnetically  loaded  nitrite 
rubber.  When  placed  in  appropriate  positions,  relatively  small  amounts  can  reduce  the 
radar  cross  section  of  an  aircraft  to  a  significant  extent  over  the  frequency  range  1-10 
GHz.  As  is  the  case  for  many  broadband  absorbers,  some  degree  of  attenuation  will 
generally  be  available  at  higher  frequencies.  It  is  claimed  [241  that  SWAM  is  still  effective 
up  to  40  GHz.  One  relatively  important  characteristic  of  SWAM  is  its  ability  to  absorb 
radiation  when  the  angle  of  incidence  is  between  30-60'  from  normal,  making  it  useful  for 
the  leading  or  trailing  edges  of  aircraft. 


4.2  Structural  Absorbing  Materials 

In  some  situations  it  may  be  desirable  to  provide  radar  absorbing  properties  in  a  structural 
material.  K-RAM  [251  is  a  commercially  available  material  compost  of  aramid  fibres 
(kevlar)  containing  a  lossy  filler,  backed  by  a  carbon  fibre  laminate  which  acts  as  a 
reflector.  The  uses  of  structural  radar  absorbing  material  are  fairly  obvious  such  as  on 
ground  installations  or  the  superstructure  on  ships,  providing  ballistic  as  well  as  radar 
protection.  K-RAM  can  be  manufactured  to  resonate  at  two  or  three  frequency  bands  in 
the  2-40  GHz  range.  T5rpical  performance  figures  for  K-RAM  are  shown  below  and  in 
figure  7. 


Frequency  Ranges  (GHz)  Reflectivity  (dB) 


2-4  and  8-16  -  10 

2-3.5  and  3.5-15  -  15 

2.6-3.6  and  9-14  -  20 


4.3  Camouflage  Nets 

Camouflage  nets,  which  combine  visual,  infrared  and  radar  camouflage,  are  being  developed 
in  many  countries.  One  particular  net,  manufactured  by  the  Swedish  company  Barracuda, 
contains  a  mesh  of  10  nn  stainless  steel  wires  embedded  in  a  plastic  reinforcing  material 
[261.  It  is  most  likely  that  these  wires  act  as  radar  scatters,  rather  than  absorbers, 
although  the  plastic  material  may  have  some  slight  inherent  absorbing  properties.  This 
material  has  undergone  field  trials  in  Australia  to  ascertain  its  usefulness  on  Army  fuel 
tankers,  where  electrostatic  discharge  problems  preclude  the  use  of  non-conducting  nets. 
The  manufacturers  claim  that  this  material  will  reduce  specular  reflection  from  metal 
surfaces  by  about  60%.  Whilst  this  is  not  a  large  reduction  it  must  be  remembered  that  the 
material  is  for  camouflage  purposes.  It  is  not  always  desirable  to  completely  absorb 
radiation.  What  is  often  required  is  the  ability  to  merge  the  return  signal  with  that  of  the 
background. 


4.4  Ferrite  Aheorbera 

Ferrite  materials  have  received  much  attention  in  the  popular  press  because  of  the 
perceived  application  as  a  radar  absorbing  "paint".  Commercially,  ferrites  have  been 
utilized  for  many  years  in  various  absorbers,  either  as  additives  to  absorbing  rubber 
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materials  [27,  281,  as  sintered  ceramic  tiles  129)  or  as  sprays  and  paints  [301.  The  general 
structure  of  ferrites  is  that  of  the  mineral  spinel,  MeFe204,  where  Me  represents  a  divalent 
metal  ion.  The  peaks  in  the  loss  spectrum  in  ferrites  are  due  to  spin  resonances,  and  may 
be  changed  in  frequency  by  substituting  a  portion  of  the  Fe®'*'  ions  with  a  divalent  or 
tetravalent  metal  ion  such  as  or  Ti'*’*.  The  bandwidth  of  the  loss  mechanism  is 

usually  narrow,  requiring  the  use  of  multilayer  techniques  similar  to  those  employed  for 
dielectric  materials,  when  increased  absorption  bandwidth  [13,  141  is  needed. 

Because  ferrites  are  ceramic  materials,  they  exhibit  good  performance  both 
magnetically  and  mechanically  at  elevated  temperatures  up  to  their  Curie  point. 
Applications  such  as  plasma  spraying  of  aircraft  engine  intakes  and  components  with  a 
ferrite-thermal  barrier  combination  would  reduce  the  return  signal  obtained  from  aircraft 
engines  -  often  a  significant  cause  of  reflections.  Another  example  is  Emerson  and 
Cummings  NZ  series  of  sintered  ferrite  tiles  [291.  These  materials  have  been  applied  to 
towers,  ships  masts  and  aircraft,  and  may  be  designed  to  cover  a  broad  frequency  band. 
However,  as  with  most  ferrite  materials,  a  large  weight  penalty  may  be  incurred  due  to  the 
material’s  high  density. 


4.5  Graded  Dielectric  Absorbers 

This  class  of  material  offers  many  advantages  when  compared  with  ferrite  materials,  the 
main  one  being  their  light  weight,  making  them  particularly  useful  for  aircraft.  One 
example  of  this  material  is  ADRAM  -  Advanced  Radar  Absorbing  Material,  manufactured  by 
Plessey  Materials  [311.  It  comes  in  the  form  of  thin,  flexible,  carbon-loaded  elastomeric 
sheets  designed  to  be  bonded  to  metallic  surfaces.  This  material  is  fairly  broadband  (6  dB 
from  8-16  GHz,  15  dB  from  10-12  GHz  minimum).  Less  expensive  types  of  graded 
dielectric  absorber  exist,  usually  consisting  of  a  foam  material.  Usually  these  materials 
are  not  as  robust  in  severe  environmental  conditions  as  ADRAM. 

Another  type  of  graded  dielectric  absorber  is  Plessey’s  External  Netting 
Absorber  (ENA).  This  is  a  lightweight,  relatively  low-cost,  open-structured  material  with 
performance  over  a  broad  frequency  band.  At  X-band,  this  material  reduces  the 
reflectivity  by  more  than  20  dB.  For  broad  band  applications,  10  dB  performance  over  the 
6-100  GHz  range  is  claimed  [321.  This  material,  under  the  trade  name  RAM  Panels,  it 
currently  in  use  with  the  Royal  Navy.  These  panels  consist  of  ENA  encapsulated  in  a 
reinforced  PVC  envelope.  In  this  form,  the  panel  may  be  tied  to  any  section  of  a  vessel 
when  the  need  arises.  Being  lightweight,  it  is  easily  folded  away  for  storage  when  not  in 
use.  ENA  is  also  being  tested  in  Europe  for  use  on  the  hanger  doors  of  hardened  aircraft 
shelters.  By  use  of  suitable  backing  materials,  IR  suppression  of  the  signal  from  these 
shelters  is  also  possible. 


6.  EXPERIMENTAL  SYSTEMS 


In  section  2,  it  was  shown  that  in  principle  it  is  relatively  straightforward  to  design  a  radar 
absorbing  material  with  desired  characteristics  particularly  if  coating  thickness  is  not 
critical.  The  frequency,  bandwidth  and  reflection  characteristics  may  be  tailored  by  a 
suitable  choice  of  physical  parameters.  What  is  required  as  input  to  this  design  process  is  a 
database  of  electrical  properties,  i.e.  the  permittivity  and  permeability  of  representative 
absorbing  materials. 
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Unfortunately,  for  many  materials  useful  in  radar  absorbing  materials,  these 
electrical  properties  are  either  unknown  across  the  desired  frequency  band,  or  are 
unavailable  outside  the  company  that  developed  them.  This  is  particularly  true  for  many  of 
the  newer  t3rpes  of  absorbers.  It  is  necessary  therefore  in  any  study  of  radar  absorbing 
materials  to  be  able  to  accurately  measure  the  complex  permeability  and  permittivity  of 
materials,  or  any  combination  of  materials. 

I  For  existing  commercial  radar  absorbers,  or  for  aystems  that  are  highly 

I  inhomogeneous,  i.e.  those  which  cannot  be  characterised  simply  in  terms  of  e  and  it  is 

i  often  unnecessary  or  impractical  to  measure  these  basic  properties.  Simple  free  space 

I  reflectivity  measurements  using  small  test  panels  are  often  satisfactory  to  characterise  a 

i  sample.  For  materials  that  rely  on  scattering  of  the  microwave  radiation,  free-space 

I  experiments  to  measure  the  angular  distribution  of  the  scattered  field  must  be  made. 


5.1  Electrical  and  Magnetic  Properties 

Most  measurement  methods  described  in  the  literature  only  yield  permittivity  mainly 
because  relatively  few  classes  of  materials  are  magnetic.  However,  it  is  usually  possible  to 
modify  these  methods  to  also  measure  the  permeability  [331. 

A  number  of  different  techniques  to  measure  the  electric  and  magnetic 
properties  have  been  developed.  Resonance  methods  rely  on  the  fact  that  the  resonant 
frequency  of  a  cavity  will  change  with  the  insertion  of  material  into  the  cavity,  the 
resonant  frequency  being  determined  by  the  dimension  of  the  unfilled  cavity.  It  is  then 
possible  to  infer  the  electrical  properties  of  the  inserted  material.  This  technique  is 
limited  in  that  only  one  frequency  may  be  measured  at  a  time.  Measurement  over  a  range 
of  frequency  would  require  a  number  of  cavities  of  different  size. 

A  second  method  often  employed  is  Time  Domain  Spectroscopy.  In  this 
technique,  a  short  pulse  is  transmitted  down  a  transmission  line  which  contains  a  small 
sample  of  the  material  to  be  measured.  From  the  Fourier  transforms  of  both  the  input  and 
response  waveforms,  the  permeability  and  permittivity  of  the  sample  may  be  calculated. 
Whilst  being  a  technique  which  in  principle  will  measure  permeability  and  permittivity  over 
a  large  frequency  band,  practical  consideration  in  terms  of  timing  and  equipment  limits  this 
technique  to  the  range  100  MHz  to  3  GHz. 

The  most  general  method  is  the  transmission  line  technique,  in  which  the  sample 
is  placed  inside  the  transmission  line.  The  structure  of  the  field  within  the  transmission 
line  is  well  characterised,  and  all  energy  used  in  the  measurement  is  confined  within  the 
system.  The  sample  must  be  machined  accurately  to  fit  into  the  transmission  line  to 
ensure  good  electrical  contact.  Figure  8  shows  two  t3qjes  of  sample  holders  often  used  in 
these  experiments,  one  for  X-band  waveguide  and  the  other  for  7  mm  beadless  coaxial 
airline. 


The  experimental  technique  used  to  measure  both  permittivity  and  permeability 
was  first  described  just  after  World  War  n  134],  and  was  the  standard  method  employed  for 
many  years.  However,  advances  in  microwave  instrumentation  and  computer  technology 
has  greatly  enhanced  the  measurement  process. 

Figure  9  is  the  complete  schematic  representation  of  the  experimental  system 
used  at  MRL.  A  HP8610  Network  Analyser  is  us^  to  control  the  system.  This  unit  can 
measure  error-corrected  magnitude,  phase  and  group  delay  from  500  MHz  to  18  GHz.  Ihe 
scattering  function  and  S21  >  corresponding  to  the  reflection  and  transmission,  are  the 
usual  way  of  specifying  these  functions.  The  error-correction  model  employed  removes 
systematic  errors  such  as  directivity,  source  mismatch,  load  mismatch,  crosstalk  and 
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frequency  response.  TTie  transformation  from  the  scattering  functions  Sj^j^  and  S2j^  to  the 
permittivity  and  permeability  is  well  documented  and  is  facilitated  by  the  aid  of  an  external 
computer  [361. 


5.2  Free-^pace  Heasoremaits 

Accurate  and  unambiguous  free  space  measurements  require  just  that;  a  free  space  outdoor 
range.  'Hiis,  in  many  cases,  is  impractical.  Techniques  to  simulate  a  free  space 
environment  have  been  developed  over  the  years.  The  NRL  arch  is  a  good  laboratory  scale 
system  which,  with  good  experimental  controls,  yields  accurate  results  1361. 

More  accurate  results  may  be  obtained  from  a  radar  anechoic  chamber. 

However,  these  are  expensive  and  could  only  be  justified  if  a  wide  range  of  measurements 
were  performed  in  them.  Electromagnetics  Group,  part  of  the  Surveillance  Research 
Laboratory,  DSTO  Salisbury,  has  excellent  facilities  for  measuring  radar  cross  sections, 
antenna  radiation  patterns  and  absorption  properties  of  materials. 

At  MRL,  a  system  similar  to  the  NRL  arch  has  been  developed  for  initial  testing 
of  samples.  This  system  will  allow  approximate  free  space,  bistatic  reflection 
measurements  to  be  made  over  a  wide  frequency  range.  When  necessary  the  results  may  be 
cross  checked  with  the  Surveillance  Research  Laboratory  anechoic  chamber  to  ensure 
accuracy. 


As  in  the  previous  section,  a  HP8510  Network  Analyser  is  used  with  the  same 
error  correction  technique  being  applied  137).  Some  radar  absorbing  material  is  used  in  the 
measurement  facility  to  reduce  spurious  reflections  from  the  room.  In  addition,  pseudo 
time-gating  using  Fourier  transform  techniques,  may  be  used  to  reduce  reflection  effects 
due  to  the  room. 

Figure  10  shows  the  bistatic  of  measurement  system  used  at  MRL.  The  samples 
are  placed  on  polystyrene  support  stands  to  reduce  extraneous  return  signals.  Calibration 
is  performed  by  using  a  flat  metal  plate  exactly  the  same  size  as  the  sample.  Samples  of 
any  practical  size  may  be  measured  although  15  cm  x  15  cm  is  the  normal  size  used.  The 
distance  between  the  sample  and  the  horn  antennas  is  varied  according  to  the  waveband 
used  and  the  sample  size,  to  ensure  primarily  that  a  plane  wave  is  incident  on  the  sample, 
and  also  that  edge  effects  from  the  sample  are  minimised.  Figure  11  shows  the  reduction 
in  reflection  power  due  to  a  Plessey  absorbing  material  measured  at  X-band  frequencies. 


6.  CONCLUSION 


Radar  absorbing  materials  may  be  broadly  separated  in  two  categories,  resonant  absorbers 
and  broadband  absorbers.  Resonant  absorbers  are  based  on  interference  effects  and  thus 
only  work  at  one  or  two  frequencies.  TTiey  also  require  strict  control  over  layer 
thickness.  Broadband  absorbers  rely  on  the  inherent  loss  in  the  material  which  composes 
the  layer,  and  therefore  do  not  rely  so  stringently  on  thickness.  In  reality,  a  combination 
of  broadband  and  resonance  effects  contribute  to  the  total  reduction  in  the  return  signal 
from  a  material. 

Design  principles  that  lead  to  a  specified  performance  with  respect  to  reflection 
coefficient,  wavelength  and  layer  thickness  have  been  stated.  The  knowledge  of 
permittivity  and  permeability  values  over  a  broad  frequency  range  is  an  essential  input  into 


22 


these  design  calculations.  Experimental  techniques  to  establish  these  parameters  are 
described,  as  well  as  experimental  verification  techniques  for  testing  the  final  coating. 

Methods  of  modifying  electrical  and  magnetic  properties  are  reviewed. 
Homogeneous  and  non-homogeneous  additives  may  be  used  to  modify  material  properties  to 
give  the  desired  performance. 

A  brief  survey  of  the  common  classes  of  commercially  available  radar  absorbing 
materials  is  made,  with  a  number  of  references  to  specific  materials. 
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Figure  6(a)  Hybrid  Absorber  Layer  A :  ferrite/chloroprene-rubber/3mm  brass  fibre 

:  68.95/29.55/1.5 percentage  composition 
:  thickness  =  1.3mm 
Layer  B :  ferrite/chloroprene  rubber 

:  20/80  percentage  composition 
:  thickness  =  3.3mm 


Figure  6(b)  Absorption  of  a  hybrid  absorber  as  a  function  of  frequency.  The  numbers 

on  each  curve  indicate  the  detection  angle 
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Figure  8(a)  Co-axial  sample  holder  and  connections 


HP  8510  PORT  1  HP  8510  PORT  2 


COAXIAL  WAVEGUIDE  ADAPTERS 


Figure  8(b)  Waveguide  sample  holder  and  connections 
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Figure  1 0  Experimental  Setup  for  Measuring  the  Free  Space  Reflectivity  of  Large  Samples 
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Figure  1 1  Experimental  attenuation  measured  for  a  Plessey  absorber,  showing  the  effect  of 

the  Fourier  transformation  on  the  original  data. 
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